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The E6 protein of cervical cancer-associated human papillomaviruses (HPVs) is known to suppress kera-
tinocyte differentiation through unidentified mechanisms. Notchl is a determinant of keratinocyte differenti-
ation and functions as a tumor suppressor in mammalian epidermis. Here, we report that the Notchl gene is
a novel target of pS3 and can be down-regulated by E6 through p53 degradation in normal human epithelial
cells. Thus, inactivation of p5S3 by E6 or short-hairpin RNA (shRNA) resulted in reduced Notchl expression at
the transcription level, and a p53-responsive element could be identified in the Notchl promoter. The expres-
sion of E6, pS3 shRNA, or Notchl shRNA suppressed both spontaneous keratinocyte differentiation in culture
and its induction upon DNA damage. Furthermore, the induction of Notchl and differentiation makers as well
as thickening of the epidermal layer upon UV irradiation was observed in wild-type but not in p53-deficient
mouse skin. Together, our findings not only demonstrate a novel link between p53 and Notchl in keratinocyte
differentiation upon genotoxic stress but also suggest a novel tumor suppressor mechanism of p53 in the
development of squamous cell carcinomas, including HPV-induced tumors.

A specific group of so-called high-risk human papillomaviruses
(HPVs), such as HPV16 and HPV1S, is associated with more
than 90% of cervical cancers (60). Infection with these HPVs
causes cervical dysplasia or low-grade cervical intraepithelial neo-
plasia (CIN), and cervical cancers are thought to arise from these
lesions after long periods of time (32, 70). The E6 and E7 proteins
of HPVs are expressed at relatively low levels in the basal cells of
low-grade CIN lesions, where the viral genomes replicate episo-
mally. When high-level expression of E6 and E7 occurs, in most
cases with integration of viral genomes into the host genome,
neoplastic development is believed to be initiated (59). In fact, E6
and E7 proteins are invariably expressed in HPV-positive cervical
cancer cells and inactivate the major tumor suppressors p53 and
Rb, respectively, thus contributing to HPV-induced oncogenesis.
Sustained expression of E6 and E7 is also required for the
maintenance of the transformed phenotype. E6 can inhibit
the serum- and calcium-induced differentiation of keratino-
cytes (49). However, the underlying molecular mechanisms
are not fully understood (48).

The Notch gene family encodes evolutionarily conserved cell
surface receptors that play a crucial role in cell fate specifica-
tion and differentiation (22, 29, 42). Upon cell-cell contact,
Notch activation is triggered by interaction with its ligands,
members of the Delta and Jagged families which are expressed
on neighboring cell surfaces. Ligand binding is followed by
proteolytic cleavage, release of the Notch intracellular domain
(ICD) from the cellular membrane into the cytosol, and trans-
location of the ICD to the nucleus, where it converts CSL
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family members {CBF1/RBP-Jk in mammals, Suppressor
of hairless [Su(H)| in Drosophila melanogaster, and Lagl in
Caenorhabditis elegans} from transcriptional repressors into
activators. This results in the induction of a number of genes
involved in cell growth and differentiation. Among Notch fam-
ily members, Notchl has been reported as an oncogene in the
development of human T-cell acute lymphoblastic leukemia,
where a specific chromosomal translocation generates a con-
stitutively active form of Notchl that corresponds to the
Notchl ICD (8). In Ras-transformed cells, the activation of
Notchl signaling is reported to be necessary to maintain the
neoplastic phenotype (63). Notchl has also been identified as
a key determinant of keratinocyte differentiation, promoting
cell cycle arrest through p21 induction and commitment to
differentiation (45). In addition, the keratinocyte-specific con-
ditional disruption of Notchl caused epidermal hyperplasia in
mice (38), clearly demonstrating a tumor suppressor function
for Notchl in mammalian epidermis. The immunohistochem-
ical detection of higher levels of Notch1 expression in neoplas-
tic cervical lesions than in normal cervical epithelium sug-
gested a role in carcinogenesis (69), and the activation of
Notchl signaling in cooperation with HPV E6 and E7 was
shown to be involved in cellular transformation through a
PI3K-Akt-dependent pathway in a spontaneously immortal-
ized keratinocyte cell line, HaCaT (33, 44, 58). In sharp con-
trast, specific down-modulation of Notchl was found to be
required for sustained HPV E6/E7 expression and malignant
conversion in late stages of cervical carcinogenesis (55). How-
ever, little is known about the molecular basis for the control
of Notchl expression in the cervix.

Here we present evidence for the positive regulation of
Notchl gene expression by the p53 tumor suppressor in normal
human epithelial cells, including keratinocytes, and its down-
regulation by E6 through the inactivation of p53. Our results
point to a novel molecular mechanism of E6-mediated onco-
genesis in the cervix, with implications for p53 mutations in the
development of squamous cell carcinomas.



VoL. 27, 2007

MATERIALS AND METHODS

Cell culture. The cervical cancer cell lines HelLa, CaSki, SiHa, and C33A, the
HaCaT spontaneously immortalized keratinocyte cell line, and the Saos2 osteosar-
coma cell line were maintained in Dulbecco’s modified Eagle medium (Sigma)
supplemented with 10% (vol/vol) heat-inactivated fetal bovine serum. Normal hu-
man cervical keratinocytes (HCK1s) were obtained with written consent from a
patient who underwent abdominal surgery for a gynecological disease other than
cervical cancer. Primary human dermal keratinocytes (HDKSs) were purchased from
Cell Applications Inc. (San Diego, CA). HCKIs were infected with retroviruses
transducing the catalytic subunit of human telomerase reverse transcriptase
(hTERT) for immortalization. The resultant HCK1 T cells as well as primary HDKs
were cultured in serum-free keratinocyte serum-free medium (Invitrogen) supple-
mented with 5 ng/ml epidermal growth factor (Sigma) and 50 pg/ml of bovine
pituitary extract (Hammond CELL TECH). HCK1 T cells in serial cultivation have
been subjected to karyotypic analysis, and the cells have maintained normal diploid
chromosomes except for trisomy of chromosome 20 at population doublings 10 and
40. In this report, HCK1 T cells after around 30 population doublings were used.

Retroviral vector construction and transduction. Segments of HPV16 E6E7
(16E6E7), a splice donor site mutant version of E6 (E6SD) (18), a series of E6
mutants, dominant negative forms of p53 (p53C234), ANp63a, and hTERT were
cloned and recombined into retroviral expression vectors to generate pCLXSN-
16E6E7, -16E7, -16E6SD, -16E6 SAT, -16E6 A151, -16E6 151V, -18E6SD, -18E6
A151, -18E6 158L, -p53C234, and -ANp63a and pCLXSH-hTERT, as previously
described (21, 53). The construction of the destination vector pDEST-CL-SI-
MSCVpuro (designated pSI-CMSCVpuroDEST previously), the p53 short-hair-
pin RNA (shRNA) retroviral expression vector pCL-SI-MSCVpuro-p53Ri
(designated pSI-CMSCVpuro-p53Ri previously), and the entry vector pPENTER-
H1R-stuffer has been described previously (13, 46). The construction of the
shRNA retroviral expression vectors pCL-SI-MSCVpuro-16E6-Ri3 and pCL-SI-
MSCVpuro-E6AP-Ri4 was described recently (14, 34). The targeted sequences
for 16E6 and E6AP were 5'-GTATGGAACAACATTAGAA-3" and 5'-GAAA
TCTAGTGAATGATGA-3', respectively. To generate the Notchl shRNA ex-
pression vector pCL-SI-MSCVpuro-Notch1Ri, 5'-GGAGCATGTGTAACATC
AA-3" was chosen as the targeted sequence. The production of recombinant
retroviruses was as described previously (35). Briefly, the retroviral vector and
packaging construct pCL-10A1 were cotransfected into 293FT cells (Invitrogen)
using TransIT-293 (Mirus Co., Madison, WI) according to the manufacturer’s
instructions, and the culture fluid was harvested 48 to 72 h posttransfection.
Titers of the recombinant viruses were greater than 2 X 10° drug-resistant
CFU/ml with HeLa cells. Following the addition of the recombinant viral fluid to
cells in the presence of 4 pg/ml Polybrene, infected cells were selected in the
presence of 0.5 wg/ml puromycin or 50 pg/ml G418.

Immunoblotting. Whole-cell protein extracts were used for immunoblotting as
described previously (11). Antibodies against Notchl (sc-6014; Santa Cruz),
activated Notchl (cleaved Notchl [Val1744], no. 2421; Cell Signaling Technol-
ogy), involucrin (clone SY5; Sigma), p53 (Ab6; Oncogene Science), phospho-p53
at Serl5 (9284; Cell Signaling Technology), p63 (clone 4A4; Santa Cruz), p21
(WAF1 Abl; Oncogene Science), and B-actin (sc-1616; Santa Cruz) were used as
probes. An anti-HPV16 E6 monoclonal antibody (clone 47A4) was raised against
the 16 N-terminal amino acids and used as a probe. Horseradish peroxidase-
conjugated anti-mouse, anti-rabbit (Jackson ImmunoResearch Laboratories),
and anti-goat (5¢-2033; Santa Cruz) immunoglobulins were used as the secondary
antibodies. The LAS3000 charge-coupled-device imaging system (Fujifilm Co.
Ltd., Tokyo, Japan) was employed for the detection of proteins visualized by
Lumi-light plus Western blotting substrate (Roche).

RNA extraction and Northern blotting. Total RNA (15 pg) isolated with the
RNeasy reagent (QIAGEN) was electrophoresed on 1% agarose-formaldehyde
gels, transferred to nylon membranes, and hybridized to 3*P-labeled probes. The
Notchl probe was generated by random primer labeling (Amersham) of a
Notchl cDNA corresponding to the ICD. The 36B4 loading control probe was as
described previously (11, 17).

Microarray analysis. Total RNA isolated from wild-type E6, a series of E6
mutants, and control and p53 shRNA-expressing HCK1 T cells was subjected to
CodeLink Expression Bioarray analysis using human whole-genome array con-
taining ~55,000 gene targets according to the manufacturer’s instructions (Am-
ersham Biosciences). Transcript levels were obtained as median-normalized val-
ues.

Dual-luciferase reporter assay. The Notchl promoter reporter N1PR-Luc was
constructed by inserting a Notchl promoter region spanning positions —961 to
—1 relative to the translation initiation site (cloned from the bacterial artificial
chromosome clone RP11-611D20) into a promoterless luciferase reporter plas-
mid, PGV-B (Toyo Ink, Japan). For heterologous reporter construction, the
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downstream candidate of the p53-binding stretch (positions —264 to —228) or
the upstream candidate (positions —880 to —783) were inserted into the beta
interferon basal-promoter sequence-containing luciferase reporter plasmid (18),
generating N1p53cs1-BLuc and N1p53cs2-BLuc, respectively. The mutant re-
porters were constructed by replacing all core nucleotides, cytosine and guanine,
in the putative p53-binding sequences with adenine and thymine, generating
N1PRmut-Luc, which contains multiple mutated p53-binding repeats located at
nucleotides —880 to —783. N1p53cslmut-BLuc and N1p53cs2mut-BLuc were
constructed in the same manner as NIPRmut-Luc. Cells were cotransfected with
the reporters shown in Fig. 5 and the Renilla luciferase construct for normal-
ization, with or without p53, using Lipofectamine 2000 (Invitrogen). Cell lysates
were harvested at 48 h posttransfection and subjected to a dual-luciferase re-
porter assay according to the manufacturer’s instructions (Promega).

ChIP assays. Chromatin immunoprecipitation (ChIP) assays were carried out
using an acetyl-histone H3 ChIP assay kit (Upstate Biotechnology). Briefly, 1 X
107 keratinocytes were fixed with 1% formaldehyde, neutralized by the addition
of 125 mM glycine. Cells were washed twice in ice-cold phosphate-buffered saline
and lysed in sodium dodecyl sulfate lysis buffer (1% sodium dodecyl sulfate, 10
mM EDTA, 50 mM Tris-HCI [pH 8.0]) containing protease inhibitors, and DNA
in the cross-linked chromatin preparations was sonicated to an average fragment
size of 0.6 kb. The insoluble material was removed by centrifugation, and soluble
chromatin samples were precleared with a 50% slurry of protein G-Sepharose-
salmon sperm DNA. Each sample was incubated overnight at 4°C with 2 wg of
monoclonal antibodies against p53 (clone DO-7; Oncogene Science), p63 (clone
4A4; Santa Cruz), or control immunoglobulin G (IgG) (Southern Biotechnol-
ogy). Immune complexes were collected with protein G-Sepharose and eluted.
Input templates were purified from 10% of the original lysates in parallel with
the eluted immunoprecipitated samples. Cross-linking was reversed by incuba-
tion at 65°C for 6 h. After phenol-chloroform extraction and ethanol precipita-
tion, the recovered DNA (4 pl from 25-pl immunoprecipitated chromatin DNA
samples or 1 pl from the 100-pl input DNA control) was subjected to PCR
amplification using a SYBR green PCR core reagent kit (Applied Biosystems)
with a iCycler iQ real-time PCR detection system (Bio-Rad) or PCR amplifica-
tion in the linear range. The specific primers for this analysis were as follows:
5'-GTGACCGAGGAGCGTGTC-3" and 5'-CTAGCCCAGCGGCTTCACT-3’
for the Notchl promoter, 5'-CCAGCCCTTTGGATGGTTT-3" and 5'-GCCTC
CTTTCTGTGCCTGA-3' for the p21*! promoter, and 5'-AAAAGCGGGGA
GAAAGTAGG-3" and 5'-CTAGCCTCCCGGGTTTCTCT-3' for the GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) gene.

p53-deficient mice and UV irradiation. Dorsal areas of wild-type (p53*/"),
heterozygous (p53™/7), and null (p537~/7) mice (56) were shaved 2 days prior to
irradiation with UVB at a single dose of 50 mJ/cm? with a peak wavelength of 312
nm. Within 15 min after irradiation, mice were treated with cyclosporine (3.0 mg)
intraperitoneally and dorsal-skin biopsies were taken at 0 or 48 h postirradiation.

Immuneostaining. HCK1 T cells expressing various constructs were seeded on
chamber slides and fixed in 4% paraformaldehyde. Mouse skin samples were
embedded in Tissue-Tek optimal cutting temperature compound (Sakura), and
frozen sections (5 wm) were fixed in 4% paraformaldehyde. For immunofluo-
rescence analysis, the following antibodies were used: anti-Notchl (sc-6014;
Santa Cruz), anti-involucrin (clone SYS5; Sigma), anti-K10 (clone DE-K10; Co-
vance), anti-mouse involucrin (PRB-140C; Covance), anti-mouse K10 (PRB-
159P; Covance), and anti-Loricrin (PRB-145P; Covance). Alexa Flour 488- or
Alexa 594-conjugated donkey anti-goat or -rabbit or goat anti-rabbit or -mouse
IgGs (Molecular Probes) were used as the secondary antibodies. DAPI was
applied to the sections with the secondary antibodies.

RESULTS

E6-mediated inactivation of p53 correlates with the repres-
sion of the Notchl tumor suppressor. Previous reports have
shown that Notchl is down-regulated in cervical cancer cell
lines in comparison to its level in primary keratinocytes and
that the exogenously introduced Notchl ICD induces the
growth arrest of HPV-positive cervical cancer cells through the
suppression of either E6/E7 expression (55) or E47 activity
(54). We here confirmed the striking down-regulation of
Notchl in cervical cancer cell lines, relative to levels in normal
counterparts (see Fig. S1, left panel, in the supplemental ma-
terial). Since our data are consistent with a potential tumor-
suppressive function for Notchl, we assessed its expression in
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FIG. 1. Down-regulation of Notch1 expression in normal keratino-
cytes by HPV E6 or p53 silencing. (A and B) Down-regulation of
Notchl by HPV E6. HCK1 T cells (HCK1T) (A) and HDKs (B) were
transduced with the indicated genes by retroviral gene transfer. 16E6,
16E7, 16E6E7, and 18E6, high-risk-HPV16- or -HPV18-derived E6
and E7; E6 A151, the E6 mutant with 1 amino acid deleted at the
C-terminal end, which lacks the ability to bind to PDZ domain (14)-
containing proteins; E6 SAT, the E6 mutant with a 3-amino-acid sub-
stitution at the N terminus, which is defective in p53 inactivation; 16E6
151V, 16E6 in which the C-terminal leucine was replaced with valine;
18E6 158L, 18E6 in which the C-terminal valine was replaced with
leucine; v cont, vector control. Expression levels of Notchl and p53
proteins were analyzed by immunoblotting. The band corresponding to
the furin-processed transmembrane subunit of Notchl with a molec-
ular mass of 120 kDa is shown as Notch1 hereinafter. 3-Actin was used
as the loading control. Note that the down-regulation of endogenous
Notchl expression was induced by pS53-inactivating E6 proteins, in-
cluding the wild-type, the C terminus deletion mutant, and the C
terminus substitution mutant E6 proteins, but not by wild-type 16E7 or
the 16E6 SAT mutant. (C and D) Down-regulation of Notchl by
knock-down of p53 by shRNA. HCK1 T cells (C) and HDKs (D) ex-
pressing wild-type 16E6, 16E6 SAT, or the vector control (v cont) were
transduced with either a control (cont) or a p53 shRNA-bearing ret-
roviral vector. Expression levels of Notchl and p53 proteins were
analyzed by immunoblotting. 3-Actin was used as the loading control.

other cancer-derived cell lines. For this purpose, we examined
a range of lung cancer cell lines and found that Notchl is
indeed down-regulated in all lines we tested (see Fig. S1, right
panel, in the supplemental material). In order to further verify
the growth-suppressive activity of Notchl, we examined the
effects of the exogenously expressed Notchl ICD on cellular
proliferation in a panel of cervical cancer cell lines, a sponta-
neously immortalized keratinocyte cell line, HaCaT, different
types of normal epithelial cells, including normal HCKls,
primary HDKs, normal human mammary epithelial cells
(HMEGs), normal human bronchial epithelial cells, normal
human small-airway epithelial cells, and normal human fore-
skin fibroblasts (HFFs), all (except HDKs) immortalized with
hTERT. With the exception of the HPV-negative cervical can-
cer cell line C33A, HMECs, and HFFs, all the other cervical
cancer cell lines and normal epithelial cells underwent massive
growth inhibition triggered by the Notchl ICD (see Fig. S2A
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FIG. 2. Effects of E6 or E6AP silencing on Notchl expression in
cervical cancer cells. HeLa, CaSki, SiHa, and C33A cells were trans-
duced with either a control (cont) or an shRNA-bearing retroviral
vector for 16E6 (A) or E6AP (B). Cell extracts were analyzed by
immunoblotting with the indicated antibodies. HCK1T, HCK1 T cells.

and B in the supplemental material). Notchl ICD-induced
growth suppression was also seen in HCK1 T cells or HDKs
expressing E6 and E7 driven by a heterologous promoter,
suggesting that Nocth1 activation can override the proliferative
signals generated by E6 and E7, independently of the tran-
scriptional down-modulation of these viral genes. Interestingly,
the Notchl ICD showed rather a growth-stimulatory effect in
HMECG:s, indicating that the converse activity can be elicited in
this cell type. Having established tumor-suppressive effects and
a marked reduction in Notchl levels in cervical cancer cells, we
hypothesized that E6 and/or E7 might have the ability to down-
regulate Notchl expression. To clarify the role of HPV onco-
proteins, we introduced wild-type or mutant HPV16 E6 or
wild-type E7 by retroviral-gene transfer into HCK1 T cells and
examined endogenous Notchl protein levels (Fig. 1A). Down-
regulation of Notchl expression was induced by wild-type E6
or the mutant E6 whose C terminus was deleted (E6 A151),
which is incapable of binding to PDZ domain (14)-containing
proteins (Fig. 1A, lanes 4 and 5), whereas Notchl expression
levels were sustained in cells expressing the E6 mutant that is
defective in p53 inactivation (E6 SAT) (Fig. 1A, lane 6). The
expression of E7 resulted in an up-regulation of Notchl levels
(Fig. 1A, lane 1), in line with the increase in p53 levels known
to occur due to previously defined mechanisms (3, 61). Essen-
tially the same results were obtained with primary keratino-
cytes, HDKs which have not been genetically manipulated for
immortalization (Fig. 1B), indicating a common regulatory
mechanism for Notchl expression. The correlation between
E6’s ability to inactivate p53 and its repression of Notchl
further indicates that the enhanced p53 degradation by E6 and
the ubiquitin ligase E6AP (47) is responsible for the observed
Notchl down-regulation. In accordance with this notion, E6 or
E6AP silencing in cervical cancer cell lines resulted in an
increase in Notchl levels as well as in the restoration of p53
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FIG. 3. Induction of Notchl expression induced by ionizing radia-
tion (IR) or actinomycin D (ActD) treatment in parallel with p53
activation. HCK1 T cells were exposed to 5 or 10 Gy gamma irradia-
tion, treated with 5 nM actinomycin D, or left untreated (control
[cont]), and cell lysates were prepared at 6, 12, and 24 h posttreatment.
Cell extracts were analyzed by immunoblotting with the indicated
antibodies.

(Fig. 2A, lanes 2 and 4, and B, lanes 2, 4, and 6), suggesting the
involvement of E6’s activity in the down-modulation of Notchl
even in the transformed cells and its contribution to the pro-
gression of cervical cancer.

The knock-down of p53 down-regulates Notchl expression,
while p53 activation leads to up-regulation. In order to more
specifically investigate the consequence of p53’s loss of func-
tion upon Notchl expression, we employed the RNA interfer-
ence (RNAi) approach. This resulted in the reduction of en-
dogenous Notchl protein in both HCK1 T cells and HDKs
expressing the control vector or the E6 SAT mutant (Fig. 1C,
lanes 2 and 6, and D, lanes 2 and 6). In E6-expressing cells, p53
protein levels were further reduced by p53 shRNA, leading to
a more intensive down-regulation of Notchl (Fig. 1C, lane 4,
and D, lane 4). Conversely, when HCK1 T cells were exposed
to ionizing radiation or treated with actinomycin D, the up-

TABLE 1. Notchl expression is down-regulated by both E6 and
p53 RNAI in normal cervical keratinocytes at the
transcriptional level

Relative gene expression?

Line
pS3 Notchl Notch2 Notch3 Notch4
16E6 1.2 0.3 1.3 0.9 1.1
16E6 SAT 1.1 1.0 1.7 1.2 1.1
16E6 A151 1.1 0.4 0.9 0.8 1.0
16E6 SATA151 1.0 0.9 1.5 1.2 0.8
16E6 151V 1.5 0.3 1.1 1.0 1.2
16E6E7 0.9 0.3 1.0 1.4 1.1
p53 RNAI 0.4 0.4 0.8 1.1 1.1

“ DNA microarray results are shown as ratios of the median-normalized ex-
pression values from E6- or p53 shRNA-expressing lines to the expression values
from vector control lines.
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FIG. 4. Notchl mRNA levels in HCK1 T cells expressing HPV E6,
p53 shRNA, or Notchl shRNA. Total RNA (15 pg) extracted from
subconfluent cultures of HCK1 T cells expressing wild-type or mutant
HPV16 E6, p53 shRNA, Notchl shRNA, or control vectors (v cont)
were subjected to Northern blotting. Cells were harvested 24 h post-
exposure to 10 Gy gamma irradiation (IR) (+) or no irradiation (—).
36B4 was used as the loading control.

regulation of Notchl was induced in accordance with the ac-
cumulation and activation of p53 (Fig. 3), further suggesting
that p53 is directly involved in Notchl gene expression in
normal human epithelial cells upon genotoxic stress. In addi-
tion, to examine whether a dominant negative mutant of p53
might similarly function in terms of Notch1 regulation, a tem-
perature-sensitive mutant of p53, pS3Vall38, was introduced
into normal epithelial cells. Not only in keratinocytes (HCK1 T
cells and HDKs) but also in human small-airway epithelial T
cells and HMEC T cells, the inactivation of p53’s function by a
temperature shift to 37°C from the permissive temperature
resulted in a reduction of Notch1, while Notch1 expression was
scarcely detected under either condition in HFF T cells (see
Fig. S3 in the supplemental material). The results suggest that
the regulation of Notchl expression by p53 is a mechanism
conserved in different epithelial cell types, although different
mechanisms to suppress Notchl expression might exist in the
fibroblasts.

To determine whether Notch1 expression is regulated by p53
at the transcriptional level and to examine gene expression
profiles comprehensively, we performed microarray analysis.
The expression of E6, E6 A151, or p53 shRNA reduced the
Notchl transcript levels compared to levels in the control vec-
tor or E6 SAT mutant-expressing cases (Table 1). In addition,
among the four Notch family members, Notch1 was specifically
down-regulated by E6 and p53 silencing. Northern blot anal-
ysis confirmed the microarray result that Notch1 was regulated
by p53 at the level of transcription (Fig. 4, lanes 1 to 6). The
down-regulated Notchl transcript levels before and after ion-
izing radiation in E6-, p53 shRNA-, and Notchl shRNA-ex-
pressing cells were also verified (Fig. 4, lanes 7 to 14).

The Notchl promoter is transactivated by p53. Next, we
examined the ability of p53 to transactivate the Notchl pro-
moter. There are several putative pS3-responsive sequences in
a promoter region of the human Notchl gene. Critical p53-
binding motifs in two candidates are conserved among human,
mouse, and rat. One is located 856 bp upstream from the
translation initiation site, consisting of multiple tandem re-
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FIG. 5. Transcriptional activation of the Notchl promoter by p53. (A) Schematic representation of the two potential p53-responsive sites in the
Notchl promoter. The two p53-responsive candidates in the Notchl promoter region are depicted, with position +1 representing the translation
initiation site. Shown are the bases conserved among human, mouse, and rat sequences (open boxes) and the putative p53-binding consensus
sequence (the thick line indicates where more than 70% of bases match among human, mouse, and rat sequences; the narrow line indicates
adjacent sequences containing the conserved core nucleotides, cytosine and guanine, among human, mouse, and rat sequences). Uppercase letters
indicate identity with the consensus sequence in the putative p53-binding elements. (B) Saos2 cells were transfected with the indicated heterol-
ogous luciferase reporters carrying the distal p53-binding candidate (N1p53cs2-BLuc, the wild-type reporter; N1p53cs2mut-BLuc, the p53-binding
site-mutated reporter) or the proximal p53-binding candidate (N1p53cs1-BLuc, the wild-type reporter; N1p53cslmut-BLuc, the p53-binding
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peats of a putative p53-binding motif with imperfect matches.
The other is located 264 bp upstream, featuring two tandem
repeats (Fig. 5A). In Saos2 cells, which are deficient in p53,
ectopically expressed pS3 caused a significant induction of lu-
ciferase expression from the heterologous reporter containing
the distal candidate sequence, while the reporter containing
the proximal candidate as well as examples with mutations
in the p53-binding motif failed to elicit a response to p53 (Fig.
5B). We then assessed the activity of the 1-kb Notch1 promoter
region, including the two candidate elements in HCK1 T cells.
The 1-kb Notchl promoter showed considerable activity that
was about half as strong as simian virus 40 (SV40) early en-
hancer promoter activity, which was further activated by ion-
izing radiation in a dose-dependent manner (Fig. 5C and D),
while mutations in the distal putative p53-binding motifs re-
sulted in a reduction of the basal activity and the lack of a
response to ionizing radiation (Fig. 5C). In addition, the activ-
ity of the 1-kb Notchl promoter was found to be down-regu-
lated by the expression of E6 or pS3 shRNA (Fig. SE).

To explore whether pS3 binds to the region containing the
distal element in vivo, we carried out ChIP assays. While p53
binding was detected in HCK1 T cells at steady state and was
significantly enhanced upon ionizing radiation, E6 expression
resulted in a significant reduction even after such exposure to
radiation (Fig. 5F). Therefore, we conclude that the distal
putative p53-binding stretch in Notchl promoter functions as a
pS3-responsive element.

Recent findings of cross-regulation between Notchl and the
p53 family member p63 (36) prompted us to investigate the rel-
evance of p63 in Notchl gene expression. Intriguingly, the ChIP
analysis revealed p63 binding to the Notchl promoter and its
dissociation upon genotoxic stress (Fig. 5F). Thus, Notchl
gene expression may be controlled by a functional interplay
between p63 and p53.

The expression of keratinocyte differentiation markers is
repressed by E6 or the silencing of p53 or Notchl. The E6
oncoprotein is known to suppress the differentiation of keratino-
cytes (48, 49), although the underlying molecular mecha-
nism is largely unexplored. To assess the possibility that the
repression of Notchl by E6 could be involved, the expression
of involucrin, an established keratinocyte-specific early differ-
entiation marker, was analyzed. Since a report emphasized the
importance of confluence-triggered cell-cell contact for the
onset of keratinocyte differentiation (19), we examined involu-

p53 REGULATES Notchl IN KERATINOCYTES 3737

crin levels in HCK1 T cells expressing wild-type E6, a series of
E6 mutants, p53 shRNA, or Notchl shRNA in both sub- and
postconfluent states. Unlike in the control case, in which in-
volucrin expression was markedly up-regulated as cells became
confluent (Fig. 6A, lane 12), E6-expressing cells showed re-
duced involucrin levels, suppressive effects correlating with
E6’s targeting of p53 (Fig. 6A, lanes 7, 9, and 11). Consistent
with this observation, p53 silencing also caused the repression
of involucrin induction in accordance with reduced levels of
Notchl1 expression (Fig. 6B, lane 3). More importantly, E6, p53
shRNA, and Notchl shRNA all repressed involucrin expres-
sion induced by either cell-cell contact or gamma irradiation
(Fig. 6B, lanes 2 to 4, and C, lanes 4, 6, and 8), indicating that
endogenous levels of pS3 support keratinocyte differentiation
through Notch1, and induced p53 enhances this process. Mor-
phological and immunocytochemical analyses with antibodies
against other differentiation markers, including K10, provided
support for this notion (Fig. 6D). To further assess the sup-
pressive effects of E6, p53 shRNA, a dominant negative mutant
of p53 (p53C234), or Notch1l shRNA on differentiation and the
consequential advantages to the proliferative potential, we car-
ried out clonogenic growth assays after genotoxic stimulation
or culture in serum-containing medium to induce differentia-
tion. We also analyzed the effect of ANp63a overexpression in
the assay since this isoform has been shown to be down-regu-
lated in response to UV radiation (27, 66) or keratinocyte
differentiation (36, 39) (see Fig. S4 in the supplemental mate-
rial), and thus a counteracting function is expected. Colony
formation of the control HCK1 T cells was almost completely
inhibited by irradiation with 1 Gy (Fig. 6E) or more (data not
shown). However, the expression of E6, p53 shRNA, or
p53C234 resulted in the formation of numbers of colonies, and
Notchl silencing also conferred clonogenic ability, albeit to a
lesser extent. The effect of ANp63a expression was equivalent
to that of Notchl silencing in this setting (Fig. 6E). Similarly,
the clonogenicity of HCK1 T cells in serum-containing me-
dium was restored by the expression of E6, p53 shRNA, or
Notchl shRNA to some extent (see Fig. S5 in the supplemental
material). These results strongly suggest that Notchl is a me-
diator of keratinocyte differentiation, which can be regulated
by p53.

The expression of Notchl and differentiation markers is
induced upon UV irradiation in vivo. Though we have shown
that the silencing of endogenous p53 represses the differenti-

site-mutated reporter), with or without a p53 expression plasmid. The cell lysates at 48 h posttransfection were subjected to dual-luciferase reporter
assays. Rel. Luc., relative luciferase; cont., control. (C) HCK1 T cells were transfected with the promoterless construct (PRless-Luc), the SV40
minimum enhancer promoter (SV40PR-Luc), the 1-kb Notchl promoter (N1PR-Luc), or the 1-kb Notch1 promoter having the distal p53 binding
site mutation (N1PRmut-Luc). Twenty-four hours after transfection, cells were exposed to 10 Gy gamma irradiation (IR) or left untreated. Cell
lysates were prepared after another 24-h incubation. (D) HCKI T cells were transfected with the N1PR-Luc reporter, and samples were collected
at 6, 12, and 24 h after 5 or 10 Gy gamma irradiation (48 h after transfection). (E) HCK1 T cells stably expressing the N1PR-Luc or N1IPRmut-Luc
reporters were transduced with retroviral vectors encoding 16E6 or p53 shRNA. (F) The binding of endogenous p53 to the Notchl promoter was
assessed by ChIP assay. Either HCK1 T cells (HCK1T) or HCK1 T-cell-expressing 16E6 (HCKI1T/E6) cells were exposed to 10 Gy gamma
irradiation or left untreated, and 24 h later, cells were processed for preparation of the soluble chromatin fraction. ChIP was performed using
specific antibodies against p53, p63, or control IgGs. «, anti. Input chromatin represents the portion of the sonicated chromatin prior to
immunoprecipitation. The immunoprecipitates were analyzed by PCR amplification with primers specific for the distal p53-binding candidate in
the Notchl promoter shown to be responsive to p53 in Fig. 4A, for the p21 promoter-containing p53-responsive elements, and for the GAPDH
gene as a control. The amounts of immunoprecipitated DNA fragments and input DNA were determined by quantitative real-time PCR. The
percentages of immunoprecipitated promoter fragments relative to the total DNA input are shown in the top panel. Amplified PCR products in
the linear range are shown in the bottom panel.
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FIG. 7. p53-dependent differentiation of mouse epidermis induced by UVB irradiation. Wild-type (p53™/*) and p53-null (p53~/~) mice were
irradiated with UVB, and dorsal skin biopsies were taken at 48 h postexposure. Frozen skin sections were subjected to hematoxylin and eosin
staining (H/E) or immunohistochemical analysis with the indicated antibodies and DAPI. Scale bars, 10 pm.

ation of keratinocytes in vitro, no skin phenotype has been
reported for p53-deficient mice. To explore the physiological
relevance of the p53-dependent regulation of Notchl, p53-
deficient mouse skin was irradiated with UVB. As reported
previously, the epidermal layer was thickened (4, 28) and the
differentiation markers involucrin, loricrin, and K10 were all
up-regulated (26), which correlates well with increased Notchl
staining 48 h after UVB irradiation in p53*/* and p53™/~
mouse skin, while such changes were far less evident, if present
at all, in p53~/~ mouse skin (Fig. 7 and data not shown for
p53*/~ mouse skin). These results suggest an involvement of
p53 in keratinocyte differentiation also in vivo upon DNA
damage.

DISCUSSION

Notchl gene as a novel direct target of pS3 in normal human
epithelial cells. In the present study, using normal human
epithelial cells from uterine cervix (HCK1 T cells) and skin
(HDKs), we uncovered a functional relationship between
Notchl and p53. Our results revealed that the Notchl gene is
a novel target of the transcriptional factor p53 in epithelial
cells (Fig. 5) but not in fibroblasts (data not shown). Recently,
the Notchl gene was suggested to be a p53 target on the basis
of ChIP analysis with the paired-end, ditag sequencing strategy
in a cancer cell line, HCT116 (62). In stark contrast, p53 has
been suggested to negatively regulate Notchl expression and
activation at the posttranscriptional level in thymocytes and to
play a role in T-cell development (25). Therefore, the regula-
tory mechanism of Notchl expression in thymocytes could be
different from that in epithelial cells and remained to be ex-
plored in more detail.

Implications of p53-mediated Notchl gene expression. The
repression of a keratinocyte differentiation marker by E6 or
p53 silencing (Fig. 6) indicates that the down-regulation of
Notchl is a critical mechanism by which E6 suppresses keratino-
cyte differentiation (48, 49). Considering the established
roles of Notchl in keratinocyte growth control and differenti-
ation (6, 19, 30, 37, 45), it is conceivable that p53 governs
genomic integrity in normal epithelial cells by inducing growth

suppression and/or differentiation through the up-regulation of
Notchl. Supporting this, a role of p53 in keratinocyte differ-
entiation has been suggested by analyses of Mdm?2 transgenic
mice (10). As p53 is mutated in many cancers, including squa-
mous cell carcinomas, Notch1 might be down-regulated in such
cases. Indeed, Notch1 expression was also repressed in a range
of cervical cancer cell lines as well as lung cancer cell lines,
compared to levels in normal counterparts (see Fig. S1 in the
supplemental material). In addition, the regulation of Notchl
expression by p53 was suggested to be a mechanism conserved
in different epithelial cell types (see Fig. S3 in the supplemen-
tal material). Thus, we propose the hypothesis that p53 muta-
tions may also promote the development of squamous cell
carcinomas through Notchl down-regulation (Fig. 8).

Here we have described evidence indicating that endoge-
nous levels of p53 are involved in Notchl expression and the
differentiation of keratinocytes in culture. However, we cannot
conclude that p53 is involved in the normal differentiation of

genotoxic stress HPV mutation
/_ o & B‘/ ; 7[\
¥y p53 / (E6)—ip53;
|
.\_\ — \
\Notch 1 / 4
wt p53 p53 inactivation
l lNotch‘t down-regulation

differentiation defect
and abnormal cell growth

differentiation
and growth suppression

FIG. 8. Proposed model for the significance of p53-driven Notchl
expression. In normal epithelial cells, p5S3 might have an alternative
mechanism to govern genomic integrity in response to genotoxic stress,
featuring growth suppression or differentiation through up-regulation
of the Notchl gene. Inactivation of p53 by HPV E6 expression or
mutation would bring about the down-regulation of Notchl, thereby
promoting carcinogenesis in a broad spectrum of epithelial tissues.
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keratinocytes. It is more likely that the endogenous levels of
pS3 observed under monolayer culture conditions were in-
duced by relatively weak environmental stress (e.g., reactive
oxygen species). In accordance with this idea, p53-deficient
mice are developmentally normal (7), and thus p53 is not
essential for the differentiation of keratinocytes in the devel-
opmental stage, though it remains possible that the regulation
of Notchl might be compensated by the other p53 family
members in p53-deficient mice. From a comparison of skin
responses in wild-type and p53-deficient mice (Fig. 7), we spec-
ulate that the regulation of Notch1 by p53 could have evolved
as a defensive mechanism against the DNA damage induced by
UVB in close relation to its possible regulation by another p53
family member, p63.

It is well known that the biological consequences of p53
activation are dependent on the degree of DNA damage. Since
higher doses of ionizing radiation in clonogenic growth assays
resulted in no colony formation and since wild-type-p53 mice
receiving higher doses of UV showed apoptotic figures rather
than an up-regulation of epidermal differentiation (data not
shown), the p53-Notch1 pathway could function when cells are
exposed to rather mild genotoxic stress in the environment.

Possible involvement of other p53 family members in
Notchl regulation. The pivotal role of p63 in epithelial
development has been addressed previously (31, 68). The
p63 gene encodes two major isoforms with or without the
N-terminal transactivation domain, TAp63 or ANp63, re-
spectively, through two different promoters, and each of them
has three transcription variants, «, 8, and vy, produced by al-
ternative splicing (67). TAp63 isoforms are required for the
initiation of epithelial stratification during early development
(20), and a recent report has also suggested a tumor suppressor
function (9). On the other hand, ANp63 isoforms are predom-
inantly expressed in basal cells of mature epidermis and have
functional links with the proliferative potential of squamous
epithelial cells (1, 15, 40). More importantly, the overexpres-
sion of ANp63 isoforms has been suggested to counteract
Notch1’s ability to restrict growth and promote the differenti-
ation of keratinocytes (36). Recently, it was reported that no
Notchl expression was detected in p63-deficient embryonic
epidermis, suggesting the involvement of p63 in Notchl ex-
pression (24). Intriguingly, we detected p63 binding to the
pS3-responsive elements in the Notchl promoter and its re-
placement by p53 upon gamma irradiation (Fig. S5F), raising
the noteworthy possibility that the predominant form of p63,
ANp63, might function as a negative regulator of Notchl gene
expression. In this regard, we tested the effect of the exogenous
expression of ANp63a, a predominant isoform in mature epi-
dermis (2), on Notchl expression and found it to be marginal
(data not shown). This is in agreement with a recent report
showing that ANp63a overexpression by itself did not signifi-
cantly enhance proliferation (39). The results suggest that the
level of endogenous ANp63 proteins suffices to antagonize
Notchl expression in the steady state. However, this does not
explain the recent finding that p63 is required for Notchl
expression in embryonic epidermis (24). Clearly, further stud-
ies are required to clarify the molecular mechanisms in more
detail.

Notchl: oncogene or tumor suppressor? The oncogenic po-
tential of activated Notch proteins has already been addressed
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with regard to the development of human T-cell leukemia and
mouse mammary carcinomas (8, 16, 65). Notchl expression is
reported to be up-regulated in human breast carcinomas (63),
though its significance has yet to be determined. Conversely,
activated Notch signaling has been shown to inhibit the growth
of hepatocellular carcinoma, small-cell lung cancer, and pros-
tate cancer cells (41, 50, 51). In the development of cervical
cancer, contradictory actions of Notch1 have been described; it
has been called both an oncogene product (33, 43, 44, 52, 58,
63) and a tumor suppressor (54, 55). Based on the crucial role
of Notchl in keratinocyte differentiation (19, 30, 37, 45) and
tumor suppression (38), it is conceivable that the biological
consequence of Notchl signaling is determined by a balance of
many potential functions which require combinations of ubig-
uitous and cell-type-specific factors. Indeed, we found that the
Notchl ICD did not induce growth suppression in mammary
epithelial cells (see Fig. S2 in the supplemental material).
Therefore, the tumor-suppressive function of Notchl might
prevail over its oncogenic actions in normal epidermis and
stratified squamous epithelia. However, it is possible that, even
in keratinocytes, Notchl can act as an oncogene product
through the disruption of specific pathways, leading to tumor
suppression under selective pressure for a growth advantage.
In line with this notion, the growth of an HPV-negative cervi-
cal cancer cell line, C33A, was merely suppressed by the
Notchl ICD (see Fig. S2 in the supplemental material). The
elevated Notchl protein levels observed in squamous metapla-
sia, CIN lesions, and well-differentiated superficial carcinomas
of the cervix (5, 12, 69), but not in invasive cervical cancers
(55), could simply be a consequence of an increased number of
cells with differentiation capacity, not the cause. In fact, we
detected Notchl in cervical cancer cell lines, although the
levels were considerably lower than in normal keratinocytes
(see Fig. S1 in the supplemental material). A previous report
described considerable levels of Notchl expression in cervical
cancer cell lines (23). However, the conclusion was based on
the observation that the Notchl levels were comparable with
those in HaCaT cells, which express mutant p53 and a much
lower level of Notchl than that in normal keratinocytes (data
not shown). As previously shown (57), we also detected acti-
vated Notchl proteins in CaSki cells, which appeared to be at
a relatively high level compared to that in normal keratinocytes
(Fig. 2B, lane 3 versus lane 9). Interestingly, however, we
observed high involucrin levels in the CaSki cells, different
from the levels in other cervical cancer cell lines, namely,
HeLa, SiHa, and C33A, which have negligible levels. The
knock-down of E6 or E6AP in CaSki cells further increased
both activated Notchl and involucrin (Fig. 2A, lane 2, and B,
lane 4). In addition, the exogenous expression of the Notchl
ICD induced the up-regulation of involucrin, concomitant with
the down-regulation of ANp63« in the CaSki cells as well as
the normal HCK1 T cells (data not shown). These results imply
that the CaSki cells preserve the Notchl-mediated differenti-
ation program, as do normal keratinocytes. By these features,
CaSki cells might be exceptional among cervical cancer cell
lines with regard to the regulation of Notchl. However, we
consider it possible that Notchl activation is required for the
proliferation or generation of the neoplastic phenotype of
some fraction of cervical cancers, which has been implied by
other investigators using CaSki cells (57, 63, 64). However,
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further study is required to determine the underlying molecu-
lar mechanisms by which abnormal proliferation associated
with increased Notchl, especially in the early stages of cervical
carcinogenesis, is induced.

In conclusion, our data provide the first mechanistic link
between p53 and Notchl as two factors which are important
for tumor suppression in keratinocytes and insight into the
potentially novel significance of p53 inactivation in squamous
cell carcinomas, including cervical cancers. We now need to
focus on specific interactions with ligands and signaling effec-
tors or modifiers to determine how Notch1 might function as a
tumor suppressor in one cellular environment and an onco-
gene product in another.
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